The theory that certain skills improve with a night of sleep has received considerable interest in recent years. However, because sleep typically occurs at the same time of day in humans, it is difficult to separate the effects of sleep from those of time of day. By using a version of the Serial Response Time Task, we assessed the role of sleep in implicit sequence learning while controlling for possible time-of-day effects. We replicated the apparent benefit of sleep on human participants. However, our data show that sleep does not affect implicit sequence learning; rather, time of day affects the ability of participants to express what they have learned.
Although we usually associate learning with practice, skill learning is best considered a multiphase process in that improvement may occur even after training ends (Karni and Sagi 1993; Karni et al. 1998; Press et al. 2005) . Recent observations of improved performance on a variety of tasks after a night of sleep led to the theory that sleep plays a special role in this process, namely, that memory improves with sleep (Karni et al. 1994; Stickgold et al. 2000; Fischer et al. 2002; Walker et al. 2003; Robertson et al. 2004; Drosopoulos et al. 2005) . The role of sleep in memory formation is the topic of considerable controversy, however. Researchers in this field undertake the formidable task of demonstrating that improvements after sleep are not due to circadian influences, reduction in fatigue, the simple passage of time, and a host of other potential confounds. For this and other reasons, some researchers are reticent to accept the theory that sleep improves memory (Siegel 2001; Vertes 2004; Vertes and Siegel 2005) .
One of the most daunting methodological dilemmas inherent in this field involves circadian rhythms. Because circadian rhythms dictate when most of us sleep, sleep and time of day are naturally confounded. Typically, researchers either manipulate sleep itself (Karni et al. 1994; Stickgold et al. 2000) , manipulate the time of learning relative to sleep (Walker et al. 2003; Huber et al. 2004; Robertson et al. 2004) , or some combination of both (Fischer et al. 2002; Drosopoulos et al. 2005; Gais et al. 2006) to measure learning before and after sleep. In other words, researchers either deprive participants of sleep or allow participants to sleep normally and measure learning at particular times of the day. A drawback of the former method is that we cannot discriminate between adverse effects of sleep deprivation (and associated stress) on learning and a beneficial effect of sleep on learning. In other words, even after controlling for fatigue effects at test (i.e., Stickgold et al. 2000) , we cannot be sure whether sleep improves memories or a period of sleep deprivation impairs recently acquired memories. A drawback of the latter method is that it fails to control for the possibility of circadian, or time of day, effects, which are known to affect a variety of skills (Cajochen et al. 2004; Hasher et al. 2005) .
The fact that that sleep is confounded with circadian cycle is not a new observation, and researchers have applied various ingenious techniques to address this issue. One approach is to train participants at different times of day but test them at the same time of day (Fenn et al. 2003; Walker et al. 2003; Gais et al. 2006 ). Another approach is to allow some participants to nap after daytime training while others remain awake (Mednick et al. 2003; Gais et al. 2006; Tucker et al. 2006) . These methods, while informative, are not without shortcomings. By training participants at the same time but testing at different times, one confounds sleep with test delay (i.e., the delay between training and test). Naps are informative when an effect of sleep is observed, but a null result is difficult to interpret: Is it that sleep plays no role in learning or that a full night's sleep is necessary to gain the benefit? Furthermore, participants in these studies may differ in degree of fatigue after training. In summary, it is extremely difficult to control for these various factors simultaneously, and control of one variable typically comes at the expense of another. Nevertheless, converging evidence, drawn from various methodologies, suggests that sleep plays a role in at least some types of skill acquisition.
The current research investigates the role of sleep in implicit sequence learning, or sequence learning that takes place outside of awareness (Graf and Schacter 1985) . In this task, participants respond to a series of stimuli that, unbeknownst to them, follow a repeating pattern (Nissen and Bullemer 1987) . Evidence concerning the role of sleep in implicit sequence learning is mixed. Although some data indicate that sleep facilitates learning (Maquet, et al. 2000; Peigneux et al. 2003) , other find no evidence of sleep-related improvement (Robertson et al. 2004; Fischer et al. 2006) . We sought to measure the effect of sleep on sequence learning while circumventing the typical difficulties associated with sleep research. We devised a new method to control for possible time-of-day effects, while at the same time allowing participants to sleep normally during the experiment.
We observed learning at many different times on two consecutive days. We trained three groups of participants for eight sessions, with each group beginning at a different time of day, but with all participants experiencing normal sleep and an overnight delay. In this design, a given session occurred at a different time of day for each group, and the groups differed in terms of whether or not sleep occurred before a given session. Thus, while we still could not simultaneously control for sleep and circadian factors, we could consider each factor separately. Specifically, this design allowed us to (1) evaluate potential time-of-day effects independently of the amount of practice, and (2) measure the effect of sleep independently of the amount of practice.
Forty-five participants with no known sleep disorders volunteered for the study and received $50.00 compensation (20 males, M age = 27.8 yr, SD age = 3.1 yr). We asked each participant to choose two consecutive days on which he or she could sleep normally the night before for the study days. Participants slept an average of 7.73 h (SD = 1.76) the night before day 1 and 7.55 h (SD = 1.28) the night before day 2. Subjective sleep quality was reported on a 1-7 scale, where 1 is "I didn't sleep at all," and 7 is "I had a perfect night of sleep." Mean subjective sleep quality was 5.68 (SD = 1.20) the night before day 1 and 5.17 (SD = 0.95) the night before day 2. Also, we administered the Pittsburgh Sleep Quality Index (Buysse et al. 1989 ) to assess general sleep quality. Participants' mean score was 4.7 (SD = 2.3) out of 21 possible points, comparable to the mean score of college students without sleep difficulties (M = 4.8, SD = 2.2) (Yang et al. 2003) .
We administered the Alternating Serial Response Time Task ( Fig. 1; Howard and Howard 1997) , a variation of the Serial Response Time Task (Nissen and Bullemer 1987) . A row of four 3-cm ‫ן‬ 3-cm boxes appeared on a computer screen, and participants were shown four corresponding response keys on the keyboard. A circle appeared in one box until the participant pressed the corresponding response key. The participant's response triggered the presentation of the next stimulus after an interval of 120 msec. Participants were instructed to respond as quickly as possible. Unbeknownst to participants, every-other stimulus appeared in a repeating four-element sequence. The remaining stimulus locations were random.
Fifteen participants were randomly assigned to each of the three groups. The Early, Mid, and Late groups, respectively, began practice at 12:00 p.m., 4:00 p.m., and 8:00 p.m. on day 1. All participants practiced every 2 h until 10:00 p.m. On day 2, the groups continued to train every 2 h, beginning at 9:00 a.m., until each had completed eight sessions in all. Thus, participants in each group underwent identical amounts of training but because they began training at different times, sleep occurred at different points in the learning curve. Furthermore, because participants at a particular time of day had undergone different amounts of practice, we could dissociate time of day and degree of training. (This design differs from previous sleep studies in that we observe skill acquisition over many sessions rather than compare performance at two points [i.e., before and after sleep or a comparable delay]. However, there is no reason to suppose a qualitative difference in skill acquisition between these two scenarios, or more importantly, a difference in the effect of sleep on memory.) Figure 2 , A-C, shows participants' reaction times (RTs) across the eight practice sessions. Figure 3A shows participants' learning scores, or RT differences between random and sequence trials, across the eight practice sessions. First, we compared improvement between sessions that contained sleep to improvement between sessions that did not contain sleep. The Mid group improves between day 1 and day 2, t = 2.47, P < 0.05, but the Early and Late groups do not improve between the corresponding sessions (i.e., sessions 4 and 5), P > 0.20. Similarly, the Late group improves between day 1 and day 2, t = 3.19, P < 0.05, but the Early and Mid groups do not improve between the corresponding sessions (i.e., sessions 2 and 3), P > 0.20. This difference is the typical phenomenon highlighted in sleep studies. The Early group does not improve overnight, likely because their performance approached asymptote.
To further assess the effect of sleep, we analyzed learning The response keys were the s, f, h, and k buttons and mapped to the boxes so that the leftmost response key corresponded to the leftmost box, and so on. Participants were instructed to respond as quickly and accurately as possible to the location of a stimulus by pressing the corresponding key on a keyboard. The stimulus appeared according to a repeating secondorder sequence. For example, take the repeating sequence 2-1-3-4. . . , in which 1 represents a stimulus presentation in the left-most box, 4 represents the right-most box, etc. The participant would see the series 2r1r3r4r2r1r3r4r, where r represents one of the four positions chosen at random. A sequence was randomly assigned to each participant from a list of 22 possible four-unit sequences that met the following constraints: each stimulus location (1-4) appeared once and only once, and there were no ascending or descending runs (i.e., 4-3-2-1). Post-experiment interviews showed that no participant became aware of the sequence. scores across sessions to determine whether there was a discontinuity associated with the overnight break, as would be expected if sleep benefits learning. Analysis of learning scores including session and day as independent nested variables revealed a significant effect of session for each group (Fs = 22.9, 24.1, and 19.6 for the Early, Mid, and Late groups, respectively, Ps < 0.01), indicating that learning increased with training. Furthermore, there was a significant effect of day in the Mid and Late groups (Fs = 16.0 and 19.8, respectively, Ps < 0.01), indicating that learning increased overnight in addition to across-session improvement. Although the Early group showed a significant effect of session (F = 22.9, P < 0.01), this group did not show an effect of day (F = 0.20, P > 0.20), indicating that they did not show overnight improvement. Again, this group likely approached asymptotic performance for the task on day 1. Thus, we replicated the overnight benefit on performance in two of our three groups.
If the overnight effect were due to sleep, participants who had slept should perform better than those that had not at the same point in training (i.e., participants that had completed the same number of sessions). For instance, the Late group should have performed better than the other groups during session 3, as only participants in the Late group had slept by this session (see Fig. 3B ). Similarly, the Early group should have performed worse than the other groups during session 5, as only participants in the Early group had not yet slept by this session. Neither prediction is confirmed in one-way ANOVAs (P's > 0.20). Thus, while participants improved overnight, this improvement did not translate to a performance benefit compared to participants with the same amount of practice. How can sleep apparently yield substantial overnight improvement within a group and yet no advantage compared to groups that have not slept?
The explanation for this apparent paradox is clear if one notes that no group improved after 6:00 PM on day 1 (Ps > 0.20). Indeed, although groups differed in absolute learning scores, learning curves were strikingly flat and parallel at 6:00 p.m., 8:00 p.m., and 10:00 p.m. (Fig. 3A) . However, performance in the morning was equivalent to other groups during the same session (Fig. 3B) . Therefore, our data suggest that learning occurs during the evening sessions but is not expressed in performance. In other words, participants continue to learn in the evening hours even though their performance does not improve.
In the current experiment, performance on a sequencing task was depressed in the evening. However, in the morning, the negative time-of-day influence was no longer a factor, and performance returned to that which would be expected, given the degree of practice. If performance is only measured immediately before and after sleep, as in previous studies, the overnight change could be mistakenly attributed to sleep. In fact, our data demonstrate that learning does not improve with a night of sleep.
Although this interpretation may seem peculiar at first, it must be remembered that performance is not a transparent window into learning but combines learning and other factors such as motivation, fatigue, attention, etc. (Matthews et al. 2000) . Multiple studies illustrate the dissociation between expression of learning and learning itself. For instance, a long response-tostimulus interval impairs expression of sequence learning but not learning (Willingham et al. 1997) . Similar discussions surrounded the roles of secondary tasks (Frensch et al. 1998 (Frensch et al. , 1999 Shanks and Channon 2002) and attention (Jiang and Leung 2005) in learning versus expression. Furthermore, different brain structures may support learning and its expression (Seidler et al. 2002) . A requirement of learning and memory studies is that performance must be compared between identical test conditions (Willingham et al. 1997) . The current results highlight that systematic variance in time of day introduces a significant confound.
An alternative explanation of the current results is that participants did not actually gain sequence knowledge in the evening, but they did improve overnight. In other words, rather than an effect of time of day on expression of learning, perhaps there was an effect of time of day on learning as well as a subsequent effect of sleep on learning. In this scenario, however, the magnitude of the evening impairment would have to be identical, coincidentally, to the overnight learning gain for both the Mid group and the Early group. A far more likely interpretation is that learning occurs in the evening but expression of that learning is impeded by time of day.
Why is performance impaired at night? While many tasks show time-of-day effects (Carrier and Monk 2000; Hasher et al. 2005) , the cause of these fluctuations is poorly understood. At least two factors contribute to time-of-day effects: "sleep debt," or the length of time spent awake, and endogenous circadian effects, or the time at which behavior is observed. Separating the contributions of these two factors is difficult and typically involves complex manipulations of participants' environment and schedule (Carrier and Monk 2000; Cajochen et al. 2004) .
We demonstrate that, due to inherent methodological difficulties in sleep research, circadian influences can be misattributed to a sleep effect. There is no reason to assume that circadian or sleep influences are homogenous across all skills, of course, and our data should not be taken to mean that sleep does not improve any skills. However, the current results do call previous evidence of the sleep effect into question: To the extent that circadian influences were not adequately controlled, we cannot be sure that sleep accounts for behavioral differences before and after sleep. Future studies should evaluate the relative contributions of sleep and time of day in other areas of sleep research, such as visual discrimination learning (i.e., Stickgold et al. 2000) and declarative learning (i.e., Drosopoulos et al. 2005) .
Importantly, the fact that certain memories do not improve with sleep does not mean that sleep and cognition are unrelated. It has been shown that sleep properties are affected by learning earlier in the day (Skaggs and McNaughton 1996; Huber et al. 2004; Ribeiro and Nicolelis 2004) and that sleep characteristics can be correlated with performance (Walker et al. 2002; Huber et al. 2004) . The current research focused on memory improvement, but sleep may change other properties of memory and learning. Also, perhaps these results are better interpreted to indicate that learning influences certain characteristics of sleep, but sleep does not influence learning. Clearly, there is much left to unravel concerning sleep, memory, and circadian effects, and multiple approaches are necessary to elucidate these complex interactions.
